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Translation initiation of encephalomyocarditis virus (EMCV) mRNA occurs by ribosomal entry into the 5* untranslated
region. Internal ribosome binding to EMCV mRNA requires a viral cis-acting element, termed the internal ribosomal entry
site (IRES), and cellular trans-acting factors. The polypyrimidine tract binding protein (PTB) has been identified as one such
trans-acting factor required for EMCV IRES-dependent translation. Using a dicistronic mRNA and an in vitro translation
system, we have identified cis-acting elements of the EMCV IRES required for IRES-dependent translation. The results
identify several regions of the IRES that are required for efficient IRES-dependent translation, including the PTB binding
site. Other regions of the IRES may act only as spacer sequences, analogous to the spacer sequences found in rhinovirus
and enterovirus IRES elements, to link essential regions of the IRES together. The flexibility of one region of the EMCV
IRES was demonstrated by an insertion of 125 nucleotides that had little effect on IRES function while the constraint
imposed on another region was demonstrated by a 3-nucleotide deletion that nearly abolished IRES-dependent translation.
q 1995 Academic Press, Inc.
Translation initiation of encephalomyocarditis virus
(EMCV) mRNA is dependent on an internal ribosomal
entry site (IRES). Like other picornaviruses, the 5* un-
translated region (5* UTR) of EMCV is unusually long,
highly structured, uncapped, and contains several nonini-
tiating AUG codons (1). Translation initiation of EMCV
mRNA does not require a 5* m7G cap structure or even
a free 5* end, but does require approximately 577 nucleo-
tides (nts) of the 836-nt-long 5* UTR (1–5). This 577-nt
segment, which exists approximately 260 nt downstream
from the 5* end of the RNA, contains all of the information
required to specify an IRES (2). Similar IRES-dependent
translation initiation mechanisms have been proposed
for other members of the Picornaviridae, Flaviviridae, Co-
ronaviridae, and Retroviridae families of animal viruses,
as well as three cellular mRNAs (6–12).
To analyze the translation efficiency of EMCV IRES
variants, dicistronic mRNAs containing mutations within
the EMCV IRES were prepared and translated using an
in vitro translation system. The EMCV IRES used in this
study contains the 577-nt 3*-terminal segment (nt 260 –
836) of the 5* UTR of the EMCV genome (Fig. 1). Tran-
scription templates containing mutations in the EMCV
IRES were created by introducing deletions or insertions
FIG. 1. EMCV IRES predicted secondary structure and mutation sites.
in transcription template pMPS1-ECAT (15). Transcription The EMCV IRES secondary structure is drawn according to Pilipenko
of HpaI-digested templates with T7 RNA polymerase (16) et al. (13). Stem–loop structures are sequentially named by letters
according to Duke et al. (14). Sequences corresponding to DNA restric-
tion sites used for mutagenesis of the EMCV transcription template
are indicated by black boxes and the initiating AUG start codon at nt1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (510) 732-7741. 836 is labeled.
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FIG. 2. Linear representation of the EMCV IRES and position of mutations within the IRES. Nucleotide positions and corresponding DNA restriction
sites used for mutagenesis of the transcription template are shown above the wild-type (wt) IRES box. Letters below the wt IRES box represent
the positions of IRES stem–loop structures shown in Fig. 1. Boxes indicate sequence identical to the wt EMCV IRES, lines indicate deletions, and
triangles indicate insertions. Numbers above the lines and triangles indicate the number of nucleotides deleted (0) or inserted (/). The translation
efficiency of each mRNA is shown and is normalized to the translation efficiency of the wild-type IRES, which is defined as 100.
results in mRNAs containing the poliovirus IRES driving defined as 100. Normalized CAT band intensities varied
by less than twofold for independent replicates. Transla-translation of the viral oncogene sea (SEA) reporter gene,
followed by the EMCV IRES driving translation of the tion efficiencies of mRNAs containing various insertions
and deletions within the IRES are shown in Fig. 2.chloramphenicol acetyl transferase (CAT) reporter gene
(Fig. 2). The poliovirus IRES was chosen as the 5* UTR Endogenous polypyrimidine tract binding protein (PTB)
from RRL strongly cross-links the H-stem–loop (Fig. 1) ofdriving translation of SEA (the first cistron) since it is
known to function poorly in rabbit reticulocyte lysate the EMCV IRES (15, 17). PTB is a predominately nuclear
protein possibly involved in 3* splice site selection or(RRL), avoiding the possibility that CAT could be trans-
lated by ribosome readthrough from SEA (1). Translation RNA metabolism (18, 19). This protein is also known as
hnRNPI (20). Although PTB was named for its ability toof these dicistronic mRNAs in RRL (1) and in the presence
of L-[35S]methionine results in synthesis of 35S-labeled bind polypyrimidine tracts, it recognizes structural ele-
ments of the H-stem–loop rather than specific linear se-SEA (38 kDa, containing 10 methionines) and 35S-labeled
CAT (27 kDa, containing 11 methionines). Translation quence elements (21, 22). Substitutions (15) and inser-
tions (data not shown) in H-stem–loop that dramaticallyproducts were separated by polyacrylamide gel electro-
phoresis, visualized by autoradiography, and quantitated reduce PTB cross-linking also reduce IRES-dependent
translation, suggesting that PTB binding to H-stem–loopby densitometry. Differences between translation reac-
tions were corrected by using the intensity of the SEA is important for IRES function.
The H-stem–loop is essential for EMCV IRES-depen-translation product as an internal control for each mRNA.
The intensities of the corrected CAT translation products dent translation in a dicistronic context, consistent with
a model in which PTB binding to H-stem–loop playswere normalized to the intensity of the CAT translation
product driven by the wild-type EMCV IRES, which was a direct role in IRES-dependent translation. Although a
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correlation between PTB binding to H-stem–loop and A 3-nt deletion near the top of I-stem–loop (GW3, DBglI)
reduced IRES-dependent translation greater than 40-foldEMCV IRES-dependent translation has been established
(15), the importance of the H-stem–loop is unclear. Par- (Fig. 2). Interestingly, this mutation is only 74 nts down-
stream from the site that could accept the 125- and 564-tial deletion of H-stem– loop in a dicistronic context re-
duces IRES-dependent translation (15). In contrast, com- nt insertions. The ability of a 3-nt deletion to dramatically
reduce translation driven by a 577-nt IRES suggests thatplete removal of H-stem– loop in a monocistronic context
has little or no effect on translation efficiency (14). To the primary or secondary structure of the IRES is highly
constrained near the top of I-stem–loop.explain this discrepancy it has been proposed that the
partial deletion used by Jang and Wimmer (15) alters the A 4-nt deletion in J-stem–loop (GW6, DKpnI), reduced
translation 14-fold (Fig. 2). Similar results were obtainedstructure of adjacent elements, causing the observed
reduction in translation (14). To address this issue a di- with a 16-nt linker insertion in this same site (data not
shown). Only 36 nt downstream of the mutation in GW6,cistronic mRNA was created with a precise deletion of
the H-stem–loop (GW16, Fig. 2). Removal of H-stem – a 4-nt insertion within K-stem–loop (GW10, DApalI), had
little effect on translation (Fig. 2). Thus primary or second-loop in the dicistronic context dramatically reduced IRES-
dependent translation greater than 10-fold (Fig. 2). Since ary structure elements within H-stem–loop, the top of I-
stem–loop, and J-stem–loop appear to be important forthe deletion is precise, the structure of adjacent elements
is unlikely to be perturbed. It is therefore more likely IRES-dependent translation, whereas elements within
the 5* stem of I-stem–loop and K-stem–loop do not ap-that monocistronic and dicistronic contexts place entirely
different constraints on the ability of the EMCV IRES to pear to be required for efficient translation.
Overlapping mutations were created throughout theinitiate translation (14). The differences in translation effi-
ciency observed with dicistronic and monocistronic EMCV IRES, allowing the importance of specific regions
for IRES-dependent translation to be evaluated. In doingmRNAs are very interesting since artificial dicistronic
mRNAs are commonly used to assay for IRES-dependent this it is assumed that individual mutations would be
additive, but would not act synergistically, if combined.translation, yet EMCV and other picornavirus mRNAs are
naturally monocistronic. To determine which is the best Nucleotides 1–377, containing the D, E, F, and G stem –
loops, have only minimal importance in EMCV IRES-de-in vitro system to study cis-acting elements of the EMCV
IRES, it will be necessary to determine the effect of these pendent translation since deletion of this region (GW34,
D5*end–ApaI) reduced translation only 3-fold (Fig. 2),mutations on viral infectivity.
A 4-nt insertion within the 5* stem of I-stem–loop in agreement with previous results (15). Interestingly, a
similar deletion in a monocistronic context reduces trans-(GW5, DHindIII) had little effect on translation driven by
the EMCV IRES (Fig. 2). This suggested that even larger lation only 1.2-fold (14). As discussed above, this may be
due to differences in constraints on translation betweeninsertions may be accepted at this position in the IRES.
GW14 and GW18 mRNAs contain 125- and 564-nt inser- dicistronic and monocistronic constructs.
A far greater reduction in translation (10-fold) was ob-tions, respectively, in the 5* stem of I-stem–loop (Fig.
2). These mutations were created by inserting l DNA served with deletion of a region containing stem–loops
G, H, and part of I (GW4,DApaI–HindIII) (Fig. 2). Deletionbacteriophage HindIII digestion fragments into the Hin-
dIII restriction site of the transcription template. Surpris- of H-stem–loop alone (GW16), as discussed above, re-
duced translation by a similar factor, 11-fold. The reduc-ingly, the 125-nt insertion, containing two initiation co-
dons, had little effect on EMCV IRES-dependent transla- tion in translation efficiency with the larger deletion
(GW4) could therefore be entirely due to deletion of thetion (Fig. 2). The larger 564-nt insertion, containing seven
initiation codons, reduced EMCV IRES-dependent trans- H-stem–loop. Thus the G-stem–loop and lower 5* stem
of I-stem–loop may not play a significant role in IRES-lation only fourfold (Fig. 2). It is therefore possible to
place open reading frames coding for proteins with mo- dependent translation.
A large deletion within the I- and J-stem–loops (GW12,lecular weights as large as 20 kDa within the EMCV
IRES. The 125- and 564-nt insertions would be expected DHindIII– KpnI) dramatically reduced translation 20-fold
(Fig. 2). A comparable inhibition of 22-fold was seen withto dramatically alter not only the primary sequence, but
also the overall secondary structure of the I-stem–loop. a smaller 74-nt overlapping deletion within I-stem–loop
(GW11, DHindIII– BglI) (Fig. 2). The smaller overlappingIn addition, both the 125- and the 564-nt insertions con-
tain additional initiation codons that could be recognized deletion of 3 nts at the top of I-stem–loop (GW3, de-
scribed above) reduced translation 42-fold. The reduc-by the ribosome. The ability of the I-stem–loop to accept
these large insertions suggests that the stem region of tion in translation efficiency with the two large deletions
(GW11 and GW12) could therefore be entirely due toI-stem–loop plays no direct role in IRES-dependent
translation and may act only as a spacer to link essential deletion of the 3 nts at the top of I-stem–loop. Thus the
upper 5* stem and entire 3* stem of I-stem–loop maysequence elements or secondary structures of the IRES
together. not be essential for IRES-dependent translation.
Deletions within the J- and K-stem–loop structuresIn contrast to the flexibility of the stem of I-stem–loop,
the top of I-stem–loop appears to be highly constrained. (GW8, DKpnI–ApalI) reduced translation approximately
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71-fold (Fig. 2). This result suggests that either the J- and type 2 IRES elements of cardio-, aphtho-, and hepa-
toviruses (25) may each contain noncontiguous ribosomestem–loop, K-stem–loop, or both play a role in IRES-
binding information that is linked together by spacer se-dependent translation, consistent with the finding that an
quences. Flexible spacer sequences could allow non-exogenously added RNA containing the J- and K-stem –
contiguous binding information to be displayed on theloops is a competitive inhibitor of EMCV translation (14).
three-dimensional surface of the IRES such that the ribo-A 4-nt deletion in J-stem–loop (GW6, DKpnI) reduced
some recognizes this region of the viral RNA as an inter-translation 14-fold while a 4-nt insertion in K-stem–loop
nal ribosome binding site.(GW10, DApalI) reduced translation only 1.3-fold. Thus
only 25% of the decrease in translation observed with
ACKNOWLEDGMENTSGW8 can be accounted for by the combined mutations
We thank Dr. J. Dunn for providing T7 RNA polymerase. This workin GW6 and GW10. A larger region of the J-stem–loop
was supported by National Institutes of Health Grants AI-15122 andor possibly K-stem–loop than that modified by the muta-
AI-32100 to E. W. and by National Institutes of Health Postdoctoral
tions in GW6 and GW10 may therefore be required for Fellowship AI-08482 to G.W.
IRES-dependent translation.
REFERENCESAn IRES must contain enough ‘‘binding information’’
(23) for the ribosome to distinguish it from the rest of the 1. Jang, S. K., Kra¨usslich, H. G., Nicklin, M. J. H., Duke, G. M., Palmen-
berg, A. C., and Wimmer, E., J. Virol. 62, 2636–2643 (1988).viral genome and from all of the other cellular mRNA
2. Jang, S. K., Davies, M. V., Kaufman, R. J., and Wimmer, E., J. Virol.sequences that are present within the cytoplasm. In
63, 1651–1660 (1989).Escherichia coli the ribosome binding site is approxi-
3. Jang, S. K., Pestova, T., Hellen, C. U. T., Witherell, G. W., and Wim-
mately 35 nts long, with a majority of the binding informa- mer, E., Enzyme 44, 292–309 (1990).
tion contained within the 12 nts constituting the Shine – 4. Molla, A., Jang, S. K., Paul, A. V., Reuer, Q., and Wimmer, E., Nature
356, 255–257 (1992).Dalgarno sequence and the AUG start codon (23). Theo-
5. Chen, C-Y., and Sarnow, P., Science 268, 415–417 (1995).retically, the minimum binding information required for a
6. Jackson, R. J., Hunt, S. L., Gibbs, C. L., and Kaminski, A., Mol. Biol.
eukaryotic ribosome to locate an IRES could be specified Rep. 19, 147–159 (1994).
by as few as 14 sequence-specific nucleotides (24). The 7. Tsukiyama-Kohara, K., Iizuka, N., Kohara, M., and Nomoto, A., J.
Virol. 66, 1476–1483 (1992).smallest IRES reported to date is 55 nts long (12), only
8. Poole, T. L., Wang, C., Popp, R. A., Potgieter, L. N. D., Siddiqui, A.,slightly larger than the theoretical minimum. In contrast,
and Collett, M. S., Virology 206, 750–754 (1995).the EMCV IRES spans 577 nts, with the core of the IRES
9. Liu, D. X., and Inglis, S. C., J. Virol. 66, 6143–6154 (1992).
spanning 438 nts (15). Based on a comparison of the size 10. Thiel, V., and Siddell, S. G., J. Gen. Virol. 75, 3041–3046 (1994).
of the EMCV IRES and the minimum binding information 11. Berlioz, C., and Darlix, J-L., J. Virol. 69, 2214–2222 (1995).
12. Oh, S-K., and Sarnow, P., Curr. Opinion Genet. Dev. 3, 295–300required to specify an IRES, we predicted that large re-
(1993).gions of the EMCV IRES would play either no role or no
13. Pilipenko, E. V., Blinov, V. M., Romanova, L. I., Sinyakov, A. N.,direct role in internal ribosome binding. Maslova, S. V., and Agol, V. I., Virology 168, 201–209 (1989).
The results described above suggest that D, E, F, and 14. Duke, G. M., Hoffman, M. A., and Palmenberg, A. C., J. Virol. 66,
1602–1609 (1992).G stem–loops, the stem of I-stem–loop, and regions of
15. Jang, S. K., and Wimmer, E., Genes Dev. 4, 1560–1572 (1990).K-stem–loop play little or no role in IRES-dependent
16. van der Werf, S., Bradley, J., Wimmer, E., Studier, F. W., and Dunn,translation. Only mutations that altered the primary or
J. J., Proc. Natl. Acad. Sci. USA 83, 2330–2334 (1986).
secondary structure of the H-stem–loop, top of the I- 17. Hellen, C. U. T., Witherell, G. W., Schmid, M., Shin, S. H., Pestova,
stem–loop, and J-stem– loop were found to dramatically T. V., Gill, A., and Wimmer, E., Proc. Natl. Acad. Sci. USA 90,
7642–7646 (1992).reduce IRES-dependent translation. The stem region of
18. Mulligan, G. J., Guo, W., Wormsley, S., and Helfman, D. M., J. Biol.I-stem–loop appears to act only as a spacer sequence
Chem. 267, 25580–25487 (1992).
since it can be lengthened by 125 nts, its sequence can 19. Patton, J. G., Mayer, S. A., Tempst, P., and Nadal-Ginard, B., Genes
be altered, and it can accept multiple initiation codons Dev. 5, 1237–1251 (1991).
20. Ghetti, A., Pinol-Roma, S., Michael, W. M., Morandi, C., and Drey-with little effect on initiation from the normal start codon.
fuss, G., Nucleic Acids Res. 20, 3671–3678 (1992).The primary role of the I-stem–loop structure could there-
21. Witherell, G. W., Gil, A., and Wimmer, E., Biochemistry 32, 8268–fore be to link three important regions of the IRES to-
8275 (1993).
gether; the H-stem–loop, top of the I-stem–loop, and J- 22. Witherell, G. W., and Wimmer, E., J. Virol. 68, 3183–3192 (1994).
stem–loop (Fig. 1). Spacer sequences ranging in length 23. Schneider, T. D., Stormo, G. D., Gold, L., and Ehrenfeucht, A., J.
Mol. Biol. 188, 415–431 (1986).from 31 to 154 nts are also found in rhinovirus and entero-
24. Witherell, G. W., and Wimmer, E., In ‘‘Virus Strategies’’ (W. Doerflervirus IRES elements between the ‘‘YnXmAUG’’ motif and
and P. Bo¨hn, Eds.), pp. 237–247. Verlag Chemie, Weinheim,the initiating start codon, two sequence elements known Germany, 1993.
to be essential for IRES-dependent translation (3, 25). 25. Wimmer, E., Hellen, C. U. T., and Cao, X., Annu. Rev. Genet. 27,
353–436 (1993).Thus, type 1 IRES elements of entero- and rhinoviruses,
/ m4655$7635 11-21-95 05:02:54 viral AP-Virology
